I. INTRODUCTION
Recently there has been significant progress in some of the leading thin-film photovoltaic technologies, with copper indium gallium diselenide (CIGS) and CdTe devices now boasting world record efficiencies of 20. 9% and 20. 4% respectively [I] . However, at both industrial and research levels of photovoltaic device processing, reproducibility is as much sought-after as the absolute efficiency of the stand-out cells. For thin-film solar cells, one of the primary causes of poor reproducibility is the concept of shunting, i. e. the presence of leakage current pathways in parallel with the main junction. High shunt currents are deleterious to fill factor (FF), and in extreme cases to open-circuit voltage (Vod and short-circuit current (Jsd. There are a number of possible causes for shunting: micro-scale defects in individual layers of the device; segregation of conductive chemical elements towards grain boundaries and the subsequent formation of low resistance pathways; or a high density of mid-gap defects facilitating tunneling currents. However, most models used to describe the electrical characteristics of solar cells generalize the shunt conductance either into one Ohmic, or one non Ohmic component [2] . Indeed, it is commonplace to construct equivalent circuit models to describe dark current-voltage (J V) curves of solar cells [3] , but here a more complete model is put forward that accounts for up to three different parasitic shunt current mechanisms: 1) the ubiquitous Ohmic 978-1-4799-4398-2/14/$31.00 ©2014 IEEE component (often related to pinholes in the absorber layers of devices, or to the aforementioned conductive grain boundaries); 2) a non-Ohmic component governed by a space charge-limited transport mechanism (previously linked to the formation of metal-semiconductor-metal regions [2] ); and 3) an exponential term equivalent to the main ideal diode component, but typically with ideality factors > 2 and therefore linked to tunnel currents. In this work, the legitimacy of using this model (explained in Section II) to describe dark J-V characteristics of CIGS solar cells is evaluated. The agreement between the observed temperature-dependence of the fitting parameters and that expected from literature is used as validation of the inclusion of each of the circuit components. Finally, the model is applied to a set of CIGS solar cells of wide-ranging efficiency (" � 4 -14%), from the same processing batch. Whilst this contribution does not extend towards investigating the origin of the mechanisms, an examination of the relationship between e f ficiency loss and the extent of each shunt pathway is presented.
II. DESCRlPTION OF MODEL
The equivalent circuit model used here to simulate solar cell operation in the dark consists of two diode-like exponential components (the first describes the 'ideal' main junction, and the second describes a weak diode region, or a tunnel current), a space-charge-limited leakage current (SCLC) component (also called the 'non-Ohmic' component), and an Ohmic current component; all in parallel with one another, and in series with another resistive component. This is sunun arized:
Here, JD is the total dark current, V the voltage, JOI and J02 the saturation current of the two exponential components, AI and A2 their corresponding exponents, k the proportionality coefficient of the SCLC, m its power factor (which should be � 2 as defmed in [4] ), RSH the Ohmic shunt resistance, and Rs the series resistance. Diode ideality factors, n, can be calculated according to n = q/AkBT, where q is the electron charge, kB is Boltzmann' s constant and Tis the temperature.
III. EXPERIMENTAL DETAILS
ZnO: Alli-ZnO/CdS/CIGS/Mo solar cells were fabricated on 10 x 10 cm plates of soda-lime glass. The (2 f.!m thick) CIGS layer was generated by co-evaporation, the CdS (35 nm) by solution growth, and the Mo (400 nm), i-ZnO (50 nm) and ZnO: AI (500 nm) by RF sputtering. For contacting, Au finger contacts were deposited onto the ZnO: AI by thermal evaporation, and individual cells (5 x lO mm) were defined by scribing. Light current density-voltage (J-V) data was recorded under AM 1. 5 conditions at 25°C and dark J-V data was recorded at temperatures in the range 183 -323K. Fitting of dark J-V curves with (1) was implemented using Mathematica.
IV . RESULTS AND DISCUSSION

A. Justification of dark J-V model
The dark J-V curve of a cell that was representative of the data set (i. e. one with an efficiency, " = 11. 2%, close to the mode) was selected for fitting with (1) . In order to determine whether each of the terms in the equivalent circuit should indeed be included, simpler variations of the model (i. e. whereby certain terms are omitted) were also tested, in terms of their ability to generate a good fit. Fig . 1 shows the measured dark curve for the 11. 2% reference cell, and the best obtained fit using the simple equivalent circuit for a solar cell, which consists of a diode in parallel with an Ohmic resistance. Evidently, there is poor 978-1-4799-4398-2/14/$31.00 ©2014 IEEE agreement between the model and the experimental data both in reverse and forward bias. This is particularly clear in the plot of d( lnJ)/dV against V. In reverse bias, the excess current (relative to the model) indicates that non-Ohmic shunting is also present, and in forward bias, the non-constant In(J)-V gradient indicates that competing current pathways are present, and that the response cannot simply be modeled with a single diode-like junction. Similarly, other simple models failed to effectively fit the data. For instance, direct replacement of the Ohmic shunt pathway with a non-Ohmic (SCLC) shunt generated poor agreement in both low-reverse and low-forward bias. Fig 2 shows the fit obtained using the more complex model described by equation (1), and here it seen that excellent agreement between the model and the measured data is achieved. It is clear that for this device, two exponential terms are necessary in order to provide a good fit in forward bias, and both Ohmic and non-Ohmic shunt pathways are necessary in reverse bias. This was the case for all devices measured. However, since a large number of fitting parameters are used, it is important to assess whether their values are realistic. Table I lists the parameters used for the fit shown in Fig 2. The ideality factor of the main junction, nJ, is 1. 4 (AI = 26. 9), i. e. within the allowed limits of a diode in which diffusion (n � 1) or recombination (n � 2) dominates transport. However, that of the secondary exponential term is 5. 9 (A2 = 6. 5), which is not a physically valid diode ideality factor (see Section B for further investigation using J-V-T measurements). The reverse saturation current of the second exponential term, J02 (7.9 x 10-2 mA) is significantly higher than that of the main junction (JOI = 3. 2 x 10-7 mA), and so can be considered to be a non-negligible contribution to the total current in reverse bias. The power factor of the SCLC term, m, is 2. 4, this being consistent with the constraints (m 2: 2) defined in [4] , and RSH (270 n. cm 2 ) and Rs (270 n. cm 2 ) are of realistic magnitude for thin-film solar cells. Note that the more traditional method of calculating RSH, i. e. from the slope of the curve in reverse bias, gives a much lower value of 44 n. cm 2 , since this method does not take into account an SCLC term. Indeed, the SCLC non Ohmic component is the dominant shunt mechanism at high reverse bias for this particular cell.
T AB LE I:
B. Temperature dependent dark J-V Fitting of dark J-V curves, which were taken over a wide temperature range, with equation (1) was carried out. In this way, the validity of including each of the circuit components could be assessed by verifying whether the temperature dependence of the fitting parameters was consistent with that expected from literature. Fig. 3 shows the dark curves of a CIGS cell (" � 10%) at temperatures, T, in the range 183 -323K. Excellent agreement between the model and the measured data was achieved at all temperatures. Inset is a plot of ArT and ArT. Since AI increases with decreasing temperature (and nl remains roughly constant in the range 1.1 -1.5), it is inferred that transport through the ideal region is governed by diffusion and recombination [5] . A2 is comparatively independent of T, implying that the second exponential component of the model indeed describes a tunnel current [6] . Fig 4a shows that JOI follows the relationship InJo ex -liT, which is further evidence of diffusion/recombination like transport via the main junction [5] . From the slope of InJo ex -liT (Fig 5b) , the activation energy (!::J. E) was determined to be 1.5 ± 0 .2 eV, according to the following equation; (2) where Joo is a constant. Note that for extracting parameters such as nl and JOI (and therefore !::J.E ), numerical fitting of an equivalent circuit model to the entire J-V data range reliably isolates the main junction component from parasitic components, whereas the more commonplace method of selecting a narrow V range for linear fitting [6] does not. As a consequence, unique voltage-independent parameters are extracted here. The J02 temperature dependence was similarly investigated, and it was seen to follow the relationship InJo ex T which is consistent with the second exponential term describing a tunneling (leakage) current [6] . Fig 4b shows the temperature-dependence of m, the SCLC power factor. It is also consistent with the relationship defined in the literature [4] , i. e. m = (TelT) + 1. Similarly, k was seen to increase with temperature, as was expected according to Ref. 8 . The series resistance increases exponentially as Tis decreased, and from this, via the method of Batzner et al. [8] , we can estimate a back contact barrier height of 0. 16 e V. RSH was roughly proportional to T, as expected for an Ohmic resistance. The consistency between the T-dependences of the fitting parameters and the respective theoretical models and/or literature observations strongly validates the proposed J-V model.
C. Diagnosing low efficiency devices
To demonstrate the effectiveness of the model, S cells from the same processing batch that had a wide range of efficiencies (4. 6%, 9. 2%, lO. 2%, 12. 7% and 13. 8%) were selected for fitting, so that the primary cause of the poor reproducibility could be identified. The spread in efficiency can be predominantly linked to the spread in FF (from 29 -69%), since Jsc (30 -32 mA. cm 2 ) and Voc (S18 -623 mV) are relatively consistent. Therefore, a simple diagnosis would be that low efficiencies are caused by excessive shunting. However, the effectiveness of this model is to provide more detailed analysis. Following parameter extraction upon fitting the dark J-V curves to (1), it could be seen that the lower efficiencies corresponded to: a) an increase of k; b) a decrease in RSH; and c) an increase in J02 (Fig. Sa shows k and lIRSH increasing as a function of 11). On the other hand, for all devices, nj was in the range l. S -l. 6 (implying that the 'quality' of the ideal junction regions is the same), Rs was in the range 0. 9 -l. 2 n. cm 2 , and k in the range 2. 0 -2. 7. Hence, the low efficiencies are attributed to increases of all three parasitic current pathways. Note that the shunt current is dominated by the Ohmic component in these cells, as shown in Figs Sb and c, which are deconvolutions of the reverse bias region for the 13. 8% and 4. 6% cells.
The presumed physical cause of the shunting pathways was revealed upon inspection using scanning electron microscopy (SEM): a number of large scale (S -20 !lm) defects -crater like regions -characterized by significant thinning of the CIGS layer were observed, at densities of 1 -S per O. S cm 2 device. These presumably formed due to localised deposition of secondary phase CuSex particles during CIGS co evaporation at the expense of a complete CIGS film. The thinning of the CIGS layer at these regions may allow the formation of ZnO: AlIi-ZnOICdS/Mo regions and the resultant high roughness of the CIGS could disrupt window layer growth, causing pinhole formation and the generation of alternative incorrect stacking sequences.
In general however, it may not be practical to frequently use advanced microscopy for rapid diagnosis of cell behaviour whereas the use of a general dark J-V model is a non destructive route to such diagnosis. 
IV. CONCLUSIONS
A new model to describe dark J-V characteristics of CIGS solar cells has been described. The model accounts for up to three different shunting mechanisms, and quantifies their contribution to the total leakage current which can be highly detrimental to cell performance. Simpler models failed to accurately fit the data. The inclusion of multiple components into the equivalent circuit model was validated by the temperature-dependence of the fitting parameters, all of which were consistent with that expected from the literature. A case study of a CIGS batch process having a wide spread in efficiency was demonstrated, and the model successfully identified that the losses in the lower efficiency devices was due to a higher prevalence of both Ohmic and non-Ohmic leakage currents. Indeed, the model may be used for rapid diagnosis of low (or inconsistent) efficiencies in thin-film solar cells.
